Abstract: In this paper, an overlap frequency-domain equalization (OFDE) scheme is proposed and experimentally demonstrated in an intensity modulation and directdetection optical communication system with carrierless amplitude and phase (CAP) modulation. Moreover, the negative chirp property of the Mach-Zehnder modulator (MZM) for a CAP32/64/128 system is also investigated. After 100-km standard singlemode fiber transmission, the experimental results show that at the bit error ratio (BER) of 3:8 Â 10 À3 , the receiver sensitivities can be improved by 0.6 and 0.4 dB for CAP32 and CAP64 systems by utilizing the OFDE method, respectively. In addition, the receiver sensitivity is improved by 0.5 dB for CAP128 system at the bit error ratio (BER) of 2:4 Â 10 À2 . Compared with the FDE based on cyclic prefix (CP), the spectral efficiency of the CAP system with the OFDE scheme can be improved by 12.18%.
Introduction
Recently, carrier-less amplitude phase (CAP) modulation has attracted much attention in optical communication due to its high spectral efficiency and low complexity [1] - [4] . In comparison with orthogonal frequency division multiplexing (OFDM), CAP is an effective modulation format because it is easily implemented by employing analog or digital filters. High peak-to-average power ratio (PAPR) of OFDM modulation introduces nonlinear effects from power amplifier and then leads to the degradation of transmission performance. However, the PAPR of CAP modulation is less than that of OFDM. In [5] , the multiband property of CAP modulation makes it possible to improve spectral efficiency using adaptive modulation. In addition, by using three or more shaping filters, CAP can be extended to more than two dimensions at the transmitter and receiver. Thus, it can improve the flexibility of optical communication system and be potentially applied to multi-user access in a passive optical network (PON) [6] .
Due to the inter-symbol interference (ISI) induced by chromatic dispersion (CD) and polarization mode dispersion (PMD), after being transmitted over standard single-mode fiber (SSMF), the system performance based on CAP modulation would be deteriorated. Therefore, it is necessary to compensate system impairment by using the equalization scheme [7] - [9] . The time domain equalization (TDE) scheme based on CAP modulation is employed to enhance transmission performance for short-range optical communication systems [7] , [8] . However, due to the convolution operation, the computational complexity in CAP system with the TDE scheme is higher than that of the CAP system with the frequency domain equalization (FDE). In addition, as the increase of the transmission distance, FDE clearly outperforms TDE [9] . Unfortunately, in the conventional FDE scheme, it depends on cyclic prefix (CP); thus, it leads to the decrease of spectral efficiency (SE). Recently, overlap frequency domain equalization (OFDE) scheme without CP is investigated in optical communication system [10] , [11] . It exhibits that the OFDE scheme is useful for CD compensation in optical communication system.
In this paper, an OFDE scheme is proposed in intensity-modulation and direct-detection (IMDD) optical communication system with CAP modulation for the first time. Meanwhile, by using the OFDE scheme, the improvements in both receiver sensitivity and spectral efficiency (SE) are experimentally demonstrated in the optical communication system with CAP modulation after 100 km SSMF transmission. Furthermore, the negative chirp of Mach-Zehnder modulator (MZM) is also applied to improve the receiver sensitivity.
The CAP System With the Proposed OFDE Scheme
The proposed CAP system with the OFDE scheme is shown in Fig. 1 . At the transmitter, the data stream is encoded to the complex symbols of M-ary quadrature amplitude modulation (M-QAM) by using the Gray code mapping. After splitting the complex symbols into the in-phase (I) and quadrature (Q) components, four times up-sampling is used to eliminate the spectrum aliasing, and the signals from the I and Q components are shaped by the Filter I as gðt Þcosð2f c t Þ and Filter Q as gðt Þsinð2f c t Þ, respectively. In addition, gðt Þ is the square root raised cosine filter (SRRF); f c is the center frequency of signal. Then the outputs from the Filter I and Filter Q are subtracted. After adding training sequences (TSs), a frame of CAP signal is obtained. The frame structure of CAP signal is shown in Fig. 2 . It consists of one Golay complementary TS for symbol synchronization, 4 random TSs for channel estimation and 216 data blocks. The CAP signal is generated by offline Matlab, and it is stored in a 6 GSa/s Tektronix Arbitrary Waveform Generator (AWG) with a 10-bit digital-to-analog converter (DAC). After an electrical low-pass filer (ELPF) with the bandwidth of 5 GHz, the filtered CAP signal is amplified via an electrical amplifier (EA1). Then, the amplified CAP signal with the peak-to-peak voltage of 1.5 V is used to drive a LiNbO3 MZM biased at negative quadrature point to generate intensity-modulated optical CAP signal. The bandwidth and insertion loss of the MZM are 10 GHz and 7 dB, respectively. A 100 kHz linewidth commercial external cavity laser (ECL) at the wavelength of 1565.38 nm is used as the optical source. A polarization controller (PC) is rotated to maximize the output optical power from the MZM. Subsequently, the optical CAP signal is transmitted over SSMF with the attenuation of 0.19-dB/km and dispersion coefficient of 17-ps/nm/km.
At the receiver, the losses from fiber and connector are compensated by an erbium-doped fiber amplifier (EDFA). Then a variable optical attenuator (VOA) is used to change the received optical power. After a photo-detector (PD) with 3-dB bandwidth of 10 GHz and another EA (EA2), a direct-current (DC) block is employed to eliminate the DC component. Subsequently, by using a 20 GSa/s 8 GHz digital storage oscilloscope (DSO) with a 8-bit analog-to-digital converter (ADC), the electrical CAP signal is captured. The power spectral density (PSD) of CAP signal is shown in Fig. 3 . In the paper, the roll-off factor of the SRRF is 0.15, the sampling rate of AWG and up-sampling factor for CAP signal are 6 GSa/s and 4, respectively. In addition, the bandwidth of CAP signal is ð1 þ Þ times the baud rate [5] . Thus, the corresponding value is 1.725 GHz ðð1 þ 0:15Þ Â ð6=4Þ ¼ 1:725 GHzÞ. Then, the signal from the DSO is sent to the symbol synchronization module based on the Golay complementary TS [12] to find out the start position of the CAP frame. In addition, the channel transfer function is obtained by using the channel estimation based on the least square (LS) algorithm.
The principle of the OFDE scheme in the CAP system is presented in Fig. 4 . After removing the TSs for symbol synchronization and channel estimation, the OFDE will be performed for the remaining 216 time domain data blocks. The size of each data block is N ¼ 2048. Then, the data can be transformed from the time domain to the frequency domain by using fast Fourier transform (FFT). The adjacent frequency domain data blocks R x ðk Þ are overlapping. In addition, the overlap length is 2N s . For example, the first frequency domain data block R x ð1Þ can be obtained by using N point FFT, and the start point of FFT is the start point of received time domain signal. The start positions of FFT windows to generate R x ð2Þ and R x ð3Þ are N À 2N s and 2N À 4N s , respectively. In this paper, N s ¼ N=8. It is dependent upon the size of inter-block interference (IBI). Due to the CD effect of SSMF [10] , the group delay can be expressed as
where D is dispersion coefficient, D ¼ 17 ps/nm/km, and c is the speed of light. The transmission distance z ¼ 100 km, the wavelength ¼ 1565:38 nm, and 1=T ¼ 1:5 GHz; thus, ¼ 1:04 Â 10 À11 s. The time to transmit N=8 symbols is written by
where F s is the sample frequency, and F s ¼ 6 GHz, therefore, t ¼ 4:27 Â 10 À8 s. In this way, the value of t is larger than that of . In addition, the length of overlap is suitable for eliminating the IBI effect in the CAP system. In addition, a zero-forcing (ZF) algorithm is adopted in order to reduce the computational complexity of the equalization. In addition, the system noise is ignored. The equalized frequency domain signal E q ðk Þ is given by
where H e ðk Þ is the estimated channel transfer function. After the IFFT, the equalized time domain signal e q ðk Þ including overlapping part can be obtained. Then, the first N s symbols and the last N s symbols of e q ðk Þ are cut out, and the remaining N 0 ð¼ N À 2N s Þ symbols with zero IBI are extracted to generate equalized time domain signal e qc ðk Þ. Subsequently, after OFDE, the equalized time domain signal is sent to the matched Filter I as gðÀt Þcosð2f c t Þ and matched Filter Q as ÀgðÀt Þsinð2f c t Þ to separate the I and Q components. In addition, the complex symbols of M-QAM are constructed by the down-sampled I and Q components. Finally, the original bit sequence can be recovered through constellation de-mapping. Table 1 summarizes the computational complexity for TDE, FDE based on CP, and OFDE. For TDE, if the number of employed taps is N T , to obtain one symbol from equalizer, N T complex multiplications and N T complex multiplications are required for output calculation and tap updating, respectively [13] , [14] . Therefore, the complex multiplications for N symbols are 2N T N. In our experiment, the optimal tap length is 11. However, for FDE, a pair of FFT/IFFT needs Nlog 2 N multiplications. Meanwhile, the ZF algorithm for FDE is utilized in the paper. Thus, the number of complex multiplications for the FDE based on CP is Nlog 2 N þ N. In addition, for OFDE, assuming that m data blocks are equalized, it needs ððN þ 2N s Þ=NÞ Â m times equalization for overlap operation. Therefore, the required complex multiplications are ðN þ 2N s Þlog 2 N þ N þ 2N s . In this way, the computational complexity in the CAP system with the TDE scheme is higher than that of the CAP system with the OFDE scheme.
Experimental Results and Discussions
After 100 km SSMF transmission, the measured BER performances versus received optical power (ROP) for IMDD CAP system using different equalization methods are shown in Fig. 5 . It can be seen that, by employing the FDE based on CP, to reach the hard-decision forward error correction (HD-FEC) threshold of 3:8 Â 10 À3 , the required ROPs are −2.5 dBm and 0.2 dBm for CAP32 and CAP64 systems, respectively. However, by using the OFDE scheme, the required ROPs are −3.1 dBm and −0.2 dBm, respectively. In addition, at the soft-decision forward error correction (SD-FEC) threshold of 2:4 Â 10 À2 , for CAP128 system, the required ROP is −0.3 dBm by using the FDE based on CP, and the corresponding ROP with the OFDE scheme is −0.8 dBm. Therefore, compared with the FDE scheme based on CP, the receiver sensitivities is improved by 0.6 dB, 0.4 dB, and 0.5 dB for the CAP32, CAP64, and CAP128 system using the OFDE method, respectively. For different CAP modulation orders, Fig. 6 compares their spectral efficiencies and the net bit rates subject to OFDE scheme and the FDE based on CP, the SE can be calculated as follows:
where R net is the net bit rate of signal, and B is the bandwidth of signal. D valid and D total indicate valid data length per frame and total data length per frame, respectively. From the Fig. 3 , the value of B is 1.725 GHz. In this paper, R s is the sampling rate of AWG with 6 GSa/s. is the up-sampling factor with 4 and M is the modulation format. The CP length is N=8, for CAP system with the FDE based on CP, as the modulation orders are 5, 6 and 7, the net bit rates are 6.52 Gbps, 7.82 Gbps and 9.12 Gbps, respectively. Meanwhile, the corresponding SEs is 3.78 bit/s/Hz, 4.53 bit/s/Hz and 5.29 bit/s/Hz, respectively. However, for CAP system with the OFDE scheme, the net bit rates are 7.31 Gbps, 8.77 Gbps and 10.23 Gbps, the corresponding SEs are 4.24 bit/s/Hz, 5.09 bit/s/Hz and 5.93 bit/s/Hz, respectively. Thus, compared with the FDE based on CP, the 12.18% improvement of SE can be achieved through employing the OFDE scheme. Moreover, by virtue of high order modulation format and the OFDE scheme, the high SE up to 5.93 bit/s/Hz can be obtained.
The measured BER performances of CAP32/64/128 system using the OFDE scheme after back-to-back (BTB), 50 km and 100 km SSMF transmission versus ROP are shown in Fig. 7 . The HD-FEC threshold of 3:8 Â 10 À3 can be achieved for CAP 32 and CAP64 system. For CAP128 system, it can reach the SD-FEC threshold of 2:4 Â 10 À2 and approach the HD-FEC threshold when the ROP is 1.5 dBm. Compared with the BTB case, negative power penalties can be obtained after 50 km SSMF transmission and there are no power penalties after 100 km SSMF transmission for CAP32/64/128 system. It is due to the effect of negative chirp of MZM. For the dual-electrode MZM, the chirp parameter is related to MZ , and it can be expressed as [15] , [16] where V 1 ðt Þ and V 2 ðt Þ are the voltages of upper arm and lower arm, respectively. V denotes the half-wave voltage, V dc and V 0 are bias voltage and offset voltage, respectively. In our experiment, the upper arm of dual-electrode MZM is only driven, i.e., V 2 ðt Þ ¼ 0 and the MZM is biased at negative quadrature point, so
In this way, based on the equation (5), MZ ¼ À1, and the negative chirp is introduced into the system. Meanwhile, the negative chirp of MZM can compensate the chromatic dispersion [17] . Therefore, the BER performance is improved after 50 km SSMF transmission. It can be seen from the constellations of CAP32, CAP64 and CAP128 signal shown in Fig. 8 . As the SSMF transmission is increased up to 100 km, the negative chirp characteristic of MZM cannot be used to compensate the chromatic dispersion completely. However, it can still have a similar BER performance compared with the BTB case.
Conclusion
In this paper, we proposed and experimentally demonstrated IMDD CAP32/64/128 system with the OFDE scheme. The experimental results showed that the receiver sensitivities could be improved by 0.6 dB, 0.4 dB and 0.5 dB for CAP32/64/128 system, respectively. In addition, the SE of the CAP system with the OFDE scheme was improved by 12.18%, compared with the FDE Fig. 7 . Measured BER performances versus received optical power for CAP32/64/128 system. based on CP. Meanwhile, utilizing the negative chirp of MZM, the negative power penalties and no power penalties can be achieved after 50 km and 100 km SSMF transmission, respectively.
